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Abstract 
A method is described for forming nanostructured thin solid films consisting of regularly mixed titanium-aluminium 
oxide nanocomposites, with the self-organized root-like inner and column-like outer structures, derived from 
anodically oxidized Al/Ti bilayers sputter-deposited onto oxidized silicon wafers. The morphology, crystal structure 
and phase composition of the anodic films can be controlled and tailored during the film growth. The films are 
promising as fast-response NO2 sensing layers, the response and recovery times being as short as about 1 min.  
 
© 2012 Published by Elsevier Ltd. 
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1. Introduction 
Metal-oxide thin-film gas sensors offer unique advantages such as compatibility with microfabrication 
and stability at high temperatures and under harsh conditions. Titanium oxide is particularly attractive due 
to its high dielectric constant, leading to extending gas-modulated space charge effects well into the film. 
However, the structural stability and functionality of TiO2 sensors need to be improved to compete with 
the alternative materials. As recently reported, mixing of TiO2 with dissimilar metal oxide at the 
nanoscale restrains and stabilizes the growth of TiO2 phase, avoiding the well-known temperature-
stimulated grain expanding and oxygen out-diffusion [1]. In the present paper, we describe the formation 
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of self-organized nanostructured regularly mixed titania-alumina nanocomposite films via nanoporous-
alumina-assisted anodizing of a thin titanium layer and gained insight into their gas sensing ability. 
2. Experimental 
A 200-nm thick Ti layer and an 800-nm thick Al layer were successively sputter-deposited onto an 
oxide-coated Si wafer to form an Al/Ti bilayer sample. Then the wafer was cut into smaller pieces to be 
anodized individually in a specially designed two-electrode cell made of polytetrafluoroethyltene [2]. 
Anodizing was done in two consecutive steps in order first to convert the Al layer into its nanoporous 
anodic oxide and then to perform porous-alumina-assisted anodizing of the Ti underlayer. Post anodizing 
treatment included partial dissolution of the alumina overlayer to derive the titanium oxide part of the 
film and annealing the film in air at 700oC to possibly crystallize initially amorphous anodic oxides and 
examine phase transition effects in the films.  
The surfaces and cross fractures of specimens were observed in a TESCAN MIRA field emission 
scanning electron microscope. The chemical composition and bonding states in the anodic films were 
examined by X-ray photoelectron spectroscopy (XPS) in a VG Scientific ESCALAB Mk II triple 
channeltron analyzer. The crystal structure of the anodized and annealed samples was determined by 
XRD in a Bruker AXS D8 Discover X-ray diffractometer. 
In gas-sensing experiments, the samples were bonded to a ceramic hotplate allowing the operating 
temperatures up to 350oC. Two silver-paste point contacts placed onto the sample surface were used as 
sensor electrodes. A fully automated experimental set-up was employed for performing gas sensing tests. 
The desired concentration of test gas was obtained from the calibrated gas cylinders by means of mass 
flow controllers commanded from the LabView environment. Dry air was used as balance gas. The total 
gas flow was adjusted to 100 ml minѸ1. The electrical resistance in the presence of dry synthetic air or 
NO2 gas was monitored using a Keithley 2410 Source Meter controlled by LabVIEW software via PC. 
3. Results and discussion 
The first anodizing step was performed in two different electrolytes of 0.4 mol dm-3 concentration based 
on organic and inorganic acids, C3H4O4 and H3PO4, at a constant current density adjusted to attain the 
same formation voltage of 110 V in both solutions. The anodizing behavior of the underlying Ti layer 
appeared to be significantly different from what is known for this metal processed normally in the same 
electrolyte, likely due to the suppression of field crystallization effects [3].  
Fig. 1 shows the responses for anodizing a Ti layer, an Al/Ti bilayer in 0.4 mol dm-3 C3H4O4 at 110 V 
and for reanodizing the Al/Ti bilayer to 400 V. The initial galvanostatic step resulted in the growth of a 
nanoporous alumina film. Then anodizing was continued potentiostatically until the current dropped to its 
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   Fig. 1. Voltage-time behaviour for anodizing a Ti layer (left), an Al/Ti bilayer in 0.4 mol dm-3 C3H4O4 at 110 V (middle) and 
for reanodizing the Al/Ti bilayer to 400 V in 0.5 mol dm-3 H3BO3 
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leakage value, indicating the completion of formation of titanium oxide nano-hillocks under the pores. 
Then the samples were re-anodized to 400 V, without dielectric breakdown and visible sparking. The 
second step caused the titanium oxide to grow further, percolating the alumina barrier layer along the 
numerous, root-like nanochannels and mixing with the remaining barrier layer, and gradually protruding 
along the alumina pores, in the form of columns, interacting with the alumina cell walls doped with 
electrolyte-derived species. Selected SEM images of the samples are shown in Fig. 2 and 3.  
The main stages of growth of the mixed-oxide film in the malonic acid solution are sketched in Fig. 4.  
   Fig. 2. SEM images of the sputter-deposited Al/Ti layers anodized in 0.4 mol dm-3 C3H4O4 at 110 V( as in Fig. 1): (a) before 
and (b,c,d) after an open circuit dissolution of the porous alumina layer. 
   Fig. 3. SEM images of (a,b) cross sections and (c,d) the top views of the sputter-deposited Al/Ti layers anodized in 0.4 mol dm-3 
H3PO4 at 110 V after the porous alumina layer had been selectively dissolved away:  
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   Fig. 4. Schematic growth of the mixed-oxide film: a) sputter-deposition of Al(800nm)/Ti(300nm) layers, b) formation of porous 
anodic alumina at 110V, c) anodizing the Ti layer at 110V, d) re-anodizing the Ti layer through the alumina pores to 400V, e) 
dissolution of the porous alumina,  f) annealing at 700oC in air. 
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The present findings show that, owing to the alumina-assisted stabilization, the system allows for the 
unique self-organized growth of Al-Ti-O nanocomposites during the cross migration of Ti4+ and O2- ions 
without impeding the pass in alumina. The XPS and XRD analyses revealed transformation from the 
amorphous dielectric comprising TiO2, TiO and Al2O3 to a nano-crystalline n-type semiconductor 
composed of anatase form of TiO2, titanium hydride (TiH2) and Al3Ti5O2 complex oxide.  
As an example, Fig. 5b shows the response and recovery signal of the test sensor employing the mixed-
oxide film synthesized in the malonic acid electrolyte to 100 ppm concentration of NO2 gas operated at 
200ºC. Notably, the sensor response and recovery times are as short as 70 and 60 seconds, respectively, 
with the fully reversible film resistance, which characterizes the film as one of the fastest-responding in 
the niche of the metal-oxide sensors. The achievement is due to the construction of a three-dimensional 
architecture of the titania-alumina composite nanostructures, which effectively involves both the diffusion 
and adsorption of the gas during its reaction kinetics with the sensitive film.  
4. Conclusion 
The nanostructured titania-alumina mixed-oxide films synthesized here represent a unique situation in 
the field of anodic films on titanium, whose valve-metal behavior is usually strongly suppressed by the 
field crystallization effects [4]. Additionally, the films developed here are very promising as fast-
responding gas sensing layers; the phenomenon to be deeper investigated in future works. 
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